Crassulacean acid metabolism (CAM) plants exhibit persistent circadian rhythms of CO 2 metabolism. These rhythms are driven by changes in the flux through phosphoenolpyruvate carboxylase, which is regulated by reversible phosphorylation in response to a circadian oscillator. This article reviews progress in our understanding of the circadian expression of phosphoenolpyruvate carboxylase kinase.
How to tell the time: the regulation of phosphoenolpyruvate carboxylase in Crassulacean acid metabolism (CAM) plants

Control of phosphoenolpyruvate carboxylase by phosphorylation
As a Biochemistry student at Cambridge University, one of the questions in my final year exams in 1970 read 'The role of phosphoenolpyruvate carboxylase in plant metabolism'. This enzyme (hereafter PEPc; EC 4.1.1.31) catalyses the carboxylation of phosphoenolpyruvate to yield oxaloacetate and P i ; the question was, I believe, prompted by the (at that time) recent discovery of C 4 metabolism (see [1] for a review). PEPc catalyses the first step in the photosynthetic assimilation of CO 2 in both C 4 and Crassulacean acid metabolism (CAM) plants, but it also has several other important functions -it is the major anaplerotic enzyme in most higher-plant tissues, and plays specialized roles in the formation of malate in guard cells during stomatal opening, in N 2 -fixing legume root nodules and during fruit ripening [2] . In this article I review the developments in our understanding of the control of PEPc that have emerged during studies of its role and regulation in CAM photosynthesis and its control by a circadian oscillator.
In terrestrial plants, CAM is a metabolic adaptation to arid environments, in which stomata are closed during much of the day and open at night [3] . It is typified by a temporal separation of two phases of CO 2 fixation. During the night, the primary fixation of CO 2 is catalysed by PEPc. This results in the formation of malic acid, which is stored in the vacuole. During the following day, the malate is released from the vacuole and is decarboxylated, and the resulting CO 2 is fixed via the Calvin cycle. This presents a fascinating problem of enzyme regulation -mechanisms must exist to permit flux through PEPc at night and reduce or eliminate it during the day, to combat futile cycling between phosphoenolpyruvate and malate. • C maintain a rhythm of CO 2 output that is directly attributable to changes in flux through PEPc [5] ; CO 2 that would otherwise be released is periodically re-fixed into malate. Hence the flux through PEPc is controlled by a circadian oscillator, rather than simply by light/dark changes. The overall aim of our work in Glasgow has therefore been, first, to identify the mechanism that controls flux through PEPc, and then to assess how this mechanism is connected to a circadian oscillator.
Early studies showed that, in all plant tissues, PEPc is an allosteric enzyme, inhibited by malate and activated by glucose 6-phosphate [2] . However, it soon became clear from the work of several groups that CAM PEPc must be controlled at an additional level, in that the enzyme is more sensitive to inhibition by malate (and therefore less active under physiological conditions) during the day than at night (reviewed in [6] ). Detailed investigation of the mechanism underlying this effect led to the discovery that CAM PEPc is regulated by reversible phosphorylation [7, 8] . For example, in the constitutive CAM plant Kalanchoë fedtschenkoi, the dephosphorylated 'day' form of PEPc is some 10-fold more sensitive to inhibition by malate (apparent K i for malate 0.3 mM) than the phosphorylated 'night' form (apparent K i 3.0 mM). The conversions of the 'night' into the 'day' form of PEPc and vice versa coincided with the cessation and onset of malate accumulation, respectively, suggesting that these interconversions are very important in regulating the flux through PEPc [7] . Conversions between the two forms of the enzyme were also observed in detached leaves kept in constant environmental conditions [9] , confirming that they are controlled by a circadian rhythm. The importance of the phosphorylation of PEPc in CAM has been illustrated by a detailed study in which Kalanchoë daigremontiana (a constitutive CAM plant) and Clusia minor (a C 3 -CAM intermediate) were assessed by gas exchange and instantaneous isotope-discrimination analysis [10] . This allowed the in vivo flux through PEPc to be estimated; in both species, there was a good correlation between the estimated flux and the phosphorylation state of the enzyme, as judged by its malate sensitivity.
PEPc kinase controls the phosphorylation state of PEPc
The enzyme responsible for the dephosphorylation of PEPc in K. fedtschenkoi was identified as protein phosphatase 2A (PP2A) [11] . The activity of this phosphatase did not change significantly during the normal diurnal cycle in K. fedtschenkoi [11] , leading to the suggestion that the phosphorylation state of PEPc might be regulated largely through changes in the activity of PEPc kinase. A protein with PEPc kinase activity was partially purified from 'night' K. fedtschenkoi leaves and shown to be responsible for the phosphorylation of PEPc in vivo [12] . A search for potential 'second messengers' gave negative results. However, total kinase activity measured in vitro changed markedly over the diurnal cycle; it was high in the middle of the night period, when PEPc was phosphorylated, and low or zero during the photoperiod, when PEPc was dephosphorylated [12] . Pharmacological experiments showed that the nocturnal appearance of PEPc kinase activity required RNA and protein synthesis [6, 12] . These data indicated that the phosphorylation state of PEPc is largely controlled by the tissue activity of PEPc kinase, probably at the level of protein synthesis/degradation. Moreover, PEPc kinase activity oscillated in leaves held under constant conditions, suggesting that it is controlled by a circadian oscillator.
Cloning and analysis of PEPc kinase genes
PEPc kinase is a very low abundance protein; indeed, it has yet to be purified to homogeneity from any CAM plant. This precluded many conventional cloning strategies, so we adopted a traditional enzymological approach: 'quantify and enrich'. We measured the amount of translatable mRNA for the kinase [13] by in vitro translation of isolated RNA, followed by direct assay of the translation products for kinase activity. Use of this assay showed that the level of PEPc kinase-translatable mRNA in K. fedtschenkoi varied by some 20-fold over the diurnal cycle, oscillated in constant environmental conditions, and determined PEPc kinase activity [13] . The assay was also used successfully to clone PEPc kinase by assessing the level of kinase-translatable mRNA in pools and sub-pools of a cDNA library [14] . The gene encoding PEPc kinase is now termed PPCK.
Sequencing of the PPCK gene and cDNA [14] proved unusually informative. It showed that PEPc kinase comprises a protein kinase catalytic domain with no extensions that could confer regulatory properties. It is related to the plant calcium-dependent protein kinase family, but lacks the Nterminal extensions and C-terminal EF-hand motifs of these enzymes. Similar PPCK genes have been cloned from the inducible CAM species Mesembryanthemum crystallinum by a differential display approach [15] , and from other plant species by a range of techniques (see [16] for a review). The structure of PEPc kinase suggests that it might be regulated mainly at the level of synthesis/degradation. To test this hypothesis, the expression of the PPCK gene was studied carefully in K. fedtschenkoi [14] . The abundance of kinase transcripts in leaves sampled in the middle of the dark period increases with leaf age, in parallel with the development of CAM. In mature leaves, the level of kinase transcripts is high in the middle of the dark period and barely detectable during the day. It matches the level of kinase-translatable mRNA, and controls the activity of PEPc kinase and the phosphorylation state of PEPc. Moreover, kinase transcript abundance in mature leaves placed in constant conditions exhibits a circadian rhythm [14] . Hence the flux through PEPc is controlled largely at the level of expression of the PEPc kinase gene, which is controlled by the output from a circadian oscillator.
Circadian control of PPCK expression
Some information about the mechanism that connects expression of the PPCK gene to the circadian oscillator emerged from an analysis of conditions that disrupt circadian control; both alteration of temperature and manipulation of metabolism have been investigated. K. daigremontiana leaves were prevented from accumulating malate by enclosure in an atmosphere of N 2 during the night. This increased the amplitude and duration of the bout of CO 2 fixation by PEPc in normal air the following morning (phase II of CAM), because PEPc kinase mRNA and activity, and the phosphorylation state of PEPc, all remained high for significantly longer than in control leaves [10, 17] . Subjecting leaves to a temperature increase in the middle of the night caused a rapid disappearance of PEPc kinase mRNA and activity in control leaves [17] . This treatment is thought to lead to efflux of malate from the vacuole [4, 18] . However, in leaves which had been prevented from accumulating malate, kinase mRNA actually increased slightly [17] . A temperature increase in the middle of a normal night also brought about the disappearance of PEPc kinase-translatable mRNA and activity in K. fedtschenkoi [13] . These data led to the proposal that a metabolite, possibly cytosolic malate, can act as a feedback regulator of the expression of PEPc kinase and override circadian control [6, 17] . Low-temperature treatment might be expected to retain malate within the vacuole and therefore stabilize PEPc kinase mRNA and activity; exactly this behaviour has been observed in K. fedtschenkoi [13] .
This work led to the hypothesis that the circadian control of PPCK gene expression in CAM is actually a secondary process, consequent to a primary effect on malate transport across the tonoplast [6] . Hartwell et al. [19] reported that the effect of temperature changes on the phosphorylation state of PEPc and CO 2 fixation are 'gated' by the circadian clock; they argued that this observation is compatible with indirect control of expression, for example via metabolites, rather than direct control by the central oscillator. However, direct attempts to monitor the cytosolic concentration of malate have proved unsuccessful to date [19] . Metabolite signalling might involve feed-forward activation of PPCK gene expression, instead of or in addition to feedback inhibition. It is clearly important to develop techniques for measurement of metabolite distribution in CAM species.
The signalling pathway leading to increases in PEPc kinase activity is best understood in C 4 plants; the trigger for upregulation is light, and the pathway involves an increase in cytosolic pH, transient activation of a phosphoinositidedependent phospholipase C and production of inositol 1,4,5-trisphosphate, which is thought to open tonoplast calcium channels [20, 21] . The resulting increase in cytosolic [Ca 2+ ] presumably activates a calcium-dependent enzyme, perhaps a protein kinase. In CAM plants, the nocturnal appearance of the kinase is blocked by inhibitors of Ca 2+ /calmodulinlike interactions, phosphoinositide-dependent phospholipase C and tonoplast calcium channels [19, 22] . Bakrim et al. [22] suggested that increases in cytosolic pH resulting from the accumulation of malic acid in the vacuole at night might initiate the signalling pathway leading to PPCK gene expression in CAM plants. However, Paterson and Nimmo [23] found that treatment of K. fedtschenkoi leaf discs with NH 4 Cl to increase cytosolic pH had no effect on the nocturnal phosphorylation of PEPc. Hence the involvement of pH changes in the CAM system remains uncertain.
Conclusions
Studies of PEPc in CAM plants have given some fascinating insights into the regulation of this important enzyme. The phosphorylation state and activity of PEPc is largely controlled by changes in the expression of the PEPc kinase gene. This is a novel means of control, because most protein kinases are controlled by second messengers, metabolites or phosphorylation cascades without synthesis/degradation of the kinase protein. Moreover, the expression of PEPc kinase in CAM plants is controlled by a circadian oscillator; while several clock-controlled genes have been identified in plants, this seems to provide the first example of a protein kinase with a well-defined metabolic role being regulated in this way.
The circadian rhythms of CO 2 exchange in K. fedtschenkoi and other CAM plants offer a number of experimental advantages. The rhythms are readily measured and manipulated, and their biochemical basis is well understood. Large amounts of synchronous leaf tissue are available, and expression of a defined gene seems to be controlled by the circadian clock. Hence the system offers a good opportunity to trace the output pathway back from the clock-controlled gene towards the clock itself. Our current hypothesis is that this pathway involves circadian changes in metabolite levels [6, 17, 19] . We are now analysing transgenic plants expressing PPCK promoter -reporter fusions. However, there is still a crucial role for a traditional biochemical approach, aimed at measurement of the subcellular distribution of malate and other metabolites, and for direct studies of the movement of malate across the tonoplast.
